ABSTRACT BACKGROUND: The purpose of this study was to evaluate probable protective effects of resveratrol treatment on hepatic oxidative events in a rat model of metabolic syndrome (MetS). METHODS: Thirty-two male adult rats were randomly divided into 4 groups: control, fructose, resveratrol, and fructose plus resveratrol. To induce MetS, fructose solution (20 % in drinking water) was used. Resveratrol (10 mg/kg/day) was given by oral gavage. All treatments were given for 8 weeks. Serum lipid profi le, glucose and insulin levels, liver total oxidant status (TOS) levels and paraoxonase (PON), glutathione peroxidase (GPx), superoxide dismutase (SOD) and catalase (CAT) activities were analyzed. RESULTS: Fructose-fed rats displayed statistically signifi cant increases in TOS levels, and decreases in PON activity compared to the control group. Resveratrol treatment moderately prevented the decrease in liver PON activity caused by fructose. On the other hand, resveratrol, alone or in combination with fructose, did not change the TOS levels when compared to the fructose group. The SOD and CAT activities in all groups did not change. CONCLUSION: In this experimental design, high-fructose consumption led to elevated TOS levels and low PON activities. The resveratrol therapy shown benefi cial effects on PON activity. However, it was found to behave like a prooxidant when administered together with fructose and alone in some parameters. Our results can inspire the development of new clinical therapy in patients with MetS (Tab. 2, Ref. 34). Text in PDF www.elis.sk.
Introduction
In metabolic syndrome (MetS), abdominal obesity, impaired fasting glucose, hypertension and hyperlipidaemia are combined fi ndings. Elevated oxidative stress has been reported to play a crucial role in the pathogenesis of MetS, just as in many cardiometabolic diseases, and defi ned oxidative stress as a novel important ingredient of MetS (1, 2) . Especially, the impaired balance between the prooxidant/antioxidant systems results in mild infl ammation, endothelial dysfunction and insulin resistance. The defence mechanisms of the body against oxidative stress are complex and involve cellular and extracellular antioxidant systems, which are regulated at multiple levels by several antioxidant enzymes such as: glutathione peroxidase (GPx), superoxide dismutase (SOD), catalase (CAT) and paraoxonase (PON) (3) . PON is a glycoprotein synthesized principally by the liver and associated with HDL. It protects LDL from oxidation. Decline in PON activity in humans and experimental animals is associated with the formation of atherosclerosis and insulin resistance and rising in oxidative stress (4, 5) .
Resveratrol, is called 3,5,4'-trihydroxystilbene, and is abundantly located in grapes, peanuts, other oilseeds, and blueberries. Resveratrol is a phytoalexin, and fungal infection, UV exposure or loss of water is expressed in such cases (6) . Resveratrol has become an interesting molecule in early 1990's after its fi rst discovery in wine and because of wine's positive cardiovascular effects. Many studies revealed its potentially benefi cial effects in MetS treatment. These effects include but are not limited to antioxidant and anti-infl ammatory effects (7, 8) , maintenance of lipoprotein metabolism (9), vasodilatation (10), improvement of insulin sensitivity by lowering blood insulin and glucose levels (11) . The mechanisms underlying the benefi cial effects of resveratrol are not totally elucidated, but have been related mainly to its antioxidant activity (12) . Resveratrol increases the antioxidant capacity by stimulating different antioxidant enzymes, but it is also made of a natural antioxidant with an effective free radical scavenger. The antioxidant activity of resveratrol is associated with the molecular structure. Resveratrol, due to the hydroxylated structure that can transfer by stabilizing the reactive species, H+ atoms with radical derivatives, can stop the oxidative cascade (13) .
In the present study, we aimed to investigate the effect of resveratrol on hepatic oxidative stress and the antioxidative system in a MetS model. In this direction, we measured TOS levels and PON, SOD, GPx and CAT activities in the livers of fructose-fed rats.
Materials and methods

Chemicals
Trans-resveratrol (≥ 99 %) was purchased from Cayman Chemical (Spi-Bio, Montigny le Bretonneux, France). D-Fructose (≥ 99 %) was purchased from Sigma-Aldrich (St. Louis MO, USA). All other chemicals used were of the highest analytical grade, and purchased from Merck or Sigma-Aldrich.
Animals and experimental design
For this study, permission was obtained from the Animal Experimentation Ethics Committee of Gazi University (G.Ü.ET-10.037). Thirty-two male Sprague-Dawley rats (225 ± 10 g) were obtained from Laboratory Animal Husbandry and Experimental Research Centre at Gazi University. The rats were housed at 20-24 ºC with a 12-h light/dark cycle and were provided with standard rat chow and fresh drinking water that was freely available.
The rats were randomly assigned to four groups of eight rats per group: 1) Control group: The rats in this group were fed a standard rodent chow and tap water; 2) Fructose group: The rats in this group were fed a standard rodent chow and tap water supplemented with 20 % fructose (14); 3) Resveratrol group: The rats in this group were fed a standard rodent diet and tap water, and resveratrol administered at the dose of 10 mg/kg body weight/day by oral gavage (15). Resveratrol solution was prepared freshly every day; 4) Fructose plus resveratrol group: Rats in this group received a standard rodent diet and tap water supplemented with 20 % fructose, and resveratrol administered at the dose of 10 mg/ kg body weight/day by oral gavage.
Resveratrol was prepared in 0.1 % ethanol. Accordingly, the control and fructose groups were treated with 0.1 % ethanol to nullify the effects of ethanol. The experiment was carried out for 8 weeks and at the end of this duration, fasted rats were anaesthetized with ketamine (30 mg/kg bw) and xylazine (6 mg/kg bw).
Blood was collected into tubes, and then serum was separated by centrifugation. Liver tissues were washed in a cold solution of 0.9 % sodium chloride, and dried. Sera and liver samples were stored at -80 ºC until analysis.
Systolic blood pressure, body weight, fl uid intake
SBP was measured by the tail-cuff method at the beginning of the study, at the end of week 4, and at the end of week 8. At least seven measurements were made in every session and the mean of the lowest three values within 5 mmHg was taken as the SBP value. Body weights were recorded weekly and fl uid intake of all above groups was measured daily.
Serum analysis
Serum glucose, triglyceride, VLDL-cholesterol levels were measured by enzymatic methods using autoanalyzers. Serum insulin level was detected by using a commercially available ELISA kit (Millipore, MA, USA). Insulin resistance was evaluated by the Homeostasis Model Assessment index (HOMA-IR) using the formula: [insulin (mU/L) x glucose (mmol/L)]/22.5.
TOS levels measurement
The TOS levels of liver tissues were determined using a new automated measurement method (RelAssay Diagnostics, Turkey Enzyme activities measurement PON activity was measured using a new measurement method developed by Erel (16) . The PON activity is expressed as U/g tissue. GPx activities were assayed in a 96-well microliter plate using commercially available colorimetric kit (Cayman Chemical, Spi-Bio, Montigny le Bretonneux, France). Amounts were expressed as IU/g tissue. SOD activity was assayed according to the method of Yi-Sun et al (17) . The results of the activity were expressed as IU/g tissue. CAT activity was measured by spectro- 
Statistical analysis
Statistical analysis was conducted using SPSS 16.0 software. All values were expressed as the mean ± SD. Kruskal-Wallis analysis of variance and Bonferroni's multiple comparison test were made. Probability values less than 0.05 were accepted as signifi cant.
Results
Fructose feeding caused a signifi cant increase in SBP, serum triglycerides, VLDL-cholesterol and insulin levels and it induced insulin resistance. Table 1 summarizes SBP and the changes in a number of blood analytes used clinically to assess the MetS in the four groups of animals examined.
Comparison of the oxidative stress parameters between the fructose and control groups revealed a statistically signifi cant increase in the TOS levels in the fructose group. By contrast, resveratrol, supplied alone or in combination with fructose, did not change the TOS levels when compared to the fructose group (Tab. 2).
The PON activities were statistically signifi cantly lower in the fructose group than in the control group. Resveratrol supplementation, alone or in combination with fructose, increased the PON activities compared to the fructose group. However, this increase was not statistically signifi cant (Tab. 2). As shown in Table 2 , the GPx activities signifi cantly raised in resveratrol group compared to all other groups. The SOD and CAT activities were remained unchanged in all groups compared to the control group.
Discussion
MetS is associated with insulin resistance, hyperinsulinemia, dyslipidaemia and hypertension. It has been reported that there is a close relationship between elevated fructose intake and the incidence of MetS (19) . Many investigations have shown that the fructose-fed rat model causes an insulin resistance syndrome with a much like metabolic profi le to the human situation (20) . Nonetheless, the reported metabolic alterations observed in fructose-fed rats are quite divergent among different studies. This divergence may refl ect differences in experiment designs, which could include the strain of rat used, the amount and administration route of fructose, the age of the animals and the fructose administration term (14) . In present study, we used Sprague-Dawley male adult rats and fructose administration was carried by providing 20% D-fructose in drinking water for 8 weeks. At the end of eight weeks, hypertension, hyperinsulinemia, insulin resistance and hypertriglyceridemia were determined in the fructose-fed rats when compared to the control group. MetS model was successfully created (Tab. 1).
Fructose stimulates fat deposition in the liver and simultaneously increases fat synthesis and prevents fat oxidation, leads to hepatic steatosis and non-alcoholic fatty liver diseases. Besides, high fructose intake induces oxidative stress, essentially through the deterioration of the antioxidant defence system. The induction of MetS is associated with upright oxidative stress and activation of infl ammatory cytokines (21) . In a recent study, fructose administration increased TOS levels while PON activities were reduced in liver tissues. However, it did not cause any change in GPx, CAT and SOD activities. In accordance with our results, studies conducted by Sripradha et al. (22) and Maithili Karpaga Selvi et al (23) showed that liver TOS levels showed a signifi cant increase in fructose-fed rats. The researchers suggested that there was a close relationship between increased liver TOS levels and increased ROS production from accumulated fat, leading to an increased oxidative stress in blood, affecting other organs including the liver. Similarly, Ackerman et al (24) showed that dietary fructose for 6 weeks reduced hepatic PON activity (-46 %). In addition, there are various studies investigating the effect of fructose diet on liver antioxidant enzyme activities. However, the results of these studies probably differ according to the manner and duration of administration of the fructose diet. For instance, Bagul et al (25) showed that fructose-enriched diet (65 % for 8 weeks) signifi cantly reduced liver SOD activity while not altering CAT activity. In contrast, Ilhan et al. (26) supplemented 10 % fructose diet (in drinking water) during 5 weeks to the rats and reported that fructose did not change liver SOD activity.
Resveratrol, which has antioxidant and anti-infl ammatory properties, is a natural phytoalexin. Major dietary sources include grapes, peanuts, berries, soy beans and pomegranate. Nowadays, many benefi cial effects of resveratrol are described. However, the results obtained were in much higher doses than those that reach people through the normal diet. Therefore, for the potential effects of resveratrol, pharmaceutical use is required in addition to the diet. In recent years, resveratrol has been synthesized by chemical or biotechnological means, and nutritional supplements are produced from Polygonum cuspidatum. Through these supplements, as encapsulated in 20-500 mg doses, resveratrol (3-83 times higher than the level of the log diet) can be supplied (27, 28) .
In the present study, resveratrol was administered in addition to the standard rat diet and fructose diet at a daily dose of 10 mg/ kg for 8 weeks. We found that resveratrol treatment did not alter SOD, GPx and CAT activities in the resveratrol and fructose plus resveratrol groups. Unlike our fi ndings, Bagul et al (25) observed that resveratrol treatment increased hepatic CAT and SOD activities in fructose-fed rats. In mice steatosis model, resveratrol supplementation (2 and 4 g/kg/day) has been reported to increase liver GPx activity (29) . On the other hand, we determined that resveratrol therapy prevented the decrease in liver PON activity caused by fructose, but the PON activity did not reach the level of the control group. In literature, no study was found that examined the effects of resveratrol on PON activity in MetS model. Ahn et al (30) reported that the hepatic mRNA expression of PON1 was signifi cantly reduced by the atherogenic diet and the resveratrol treatment for 8 weeks attenuated this decrease in mice. In a different study of human hepatocyte cultures and HuH7 cells, resveratrol was shown to increase PON1 gene expression. This effect of resveratrol appeared to be dependent upon the activation of the Ah receptor and to effect on specifi c PON1's promoter region (31) . As it is in those studies, the positive effect of resveratrol on liver PON activity may be related to the regulation of gene expression in our animal model.
In our study, no protective effect of resveratrol on TOS levels has been observed. Moreover, the resveratrol and fructose plus resveratrol groups' TOS levels were found to be the same as those of the fructose group. Our results, in this dose (10 mg/ kg/day) and duration (8 weeks), suggest that resveratrol is an effective prooxidant. In literature, a study confi rming our results in terms of this parameter was not found. However, in addition to antioxidant effects, there are also studies, in which prooxidant activity of resveratrol is determined, depending on its concentration and cell type. Resveratrol is metabolized by the peroxidase enzyme as other polyphenols, and the formed phenoxyl radicals can catalyse oxidative reactions in the presence of copper ions (32) (33) (34) . In our experimental conditions, the effect of resveratrol mentioned above may have emerged.
Conclusion
In this study, hypertension, hypertriglyceridemia, hyperinsulinemia and insulin resistance results were obtained in rats given high fructose diet for 8 weeks and the MetS model was successfully applied. The MetS pattern can be generated by 20 % fructose application for 8 weeks, but this model may not be suffi cient for the complications of oxidative stress in MetS. In the following study, the duration of fructose exposure may be increased to examine long-term consumption effects, such as in humans. In addition, it may provide more descriptive information about the resveratrol test at different doses. Our results can inspire the development of new clinical therapy in patients with MetS. 
